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ABSTRACT 

CELL DEATH MECHANISMS AND RESPONSE TO IMMUNE CHECKPOINT 
INHIBITORS IN LUNG CANCER 

Chamodya T. Ruhunusiri, M.S. 

George Mason University, 2021 

Thesis Director: Dr. Mariaelena Pierobon 

 

Lung cancer is the leading cause of cancer-related deaths worldwide and 

immunotherapies are emerging as promising therapeutic options for this group of patients. 

A number of monoclonal antibodies targeting the programmed death-1 receptor (PD-1) and 

its ligand, programmed death-1 ligand (PD-L1) have already been approved by the United 

States Food and Drug Administration (FDA) and are routinely used as treatment options 

for lung cancer patients. However, identifying biomarkers which are able to predict 

response to these targeted treatments remains a major challenge in oncology. The objective 

of this work is to explore whether tumor-associated immunogenic cell death mechanisms 

(necroptosis and pyroptosis) and non-immunogenic cell death mechanisms (autophagy and 

apoptosis) modulate response to immunotherapy in lung cancer patients. 

In response to different threats, cells have the ability to activate distinct signal 

transduction pathways and cell death mechanisms. These mechanisms are intertwined with 

immune activation as programmed cell death (PCD) and can regulate a host inflammatory 

response. However, the ability of different PCD to elicit immune and inflammatory 

responses varies from mechanism to mechanism. For example, necroptosis and pyroptosis 
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lead to the release of intracellular material into the extracellular space. Thus, these two cell 

death mechanisms can stimulate an innate and adaptive immune response. Apoptosis and 

autophagy, on the other hand, are less immunogenic and have a smaller effect on immune 

activation and inflammatory response. As such, cancer-associated cell death mechanisms 

may shape immune response and potentially render susceptibility to immune-checkpoint 

inhibitors. 

To explore whether cancer-associated cell death mechanisms modulate response to 

antibody-based immune-checkpoint inhibitors, we used 56 pre-treated surgical samples 

and core needle biopsies collected from non-small cell lung cancer (NSCLC) patients that 

underwent treatment with anti-PD-1 inhibitors: Nivolumab (OPDIVO) or Pembrolizumab 

(KEYTRUDA).  Pure tumor epithelia were isolated from the surrounding cells using Laser 

Capture Microdissection (LCM). The Reverse Phase Protein Microarray (RPPA), a high 

throughout antibody-based immunoassay was then used to capture expression and 

activation levels of 37 proteins involved in two immunogenic (necroptosis and pyroptosis) 

and two less immunogenic PCD pathways (apoptosis and autophagy). Cell death associated 

signal transduction events were compared between patients that benefited from treatment 

and those that did not. By unveiling novel predictive markers of response to treatment, this 

work has the potential to fill and important gap in the field of cancer immunotherapy and 

precision medicine.  
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CHAPTER ONE: INTRODUCTION 

 
A novel option used for the treatment against lung cancer is the antibody-based 

immunotherapy, namely immune checkpoint inhibitors (ICIs) such as PD-1 and PD-L1 

inhibitors [1].  Although there are diagnostic tests available to determine patients who will 

best respond to these ICIs based on their levels of PD-L1, specificity of these tests remains 

a challenge to date [2]. A main reason for this difficulty is the lack of mechanistic 

understanding of the lung environment and its response to immunotherapies. In order to 

address this challenge, our study focuses on exploring the role of cell death mechanisms and 

how it can modulate immune activation as well as response to two specific ICIs, namely, 

Nivolumab and Pembrolizumab in non-small cell lung cancer (NSCLC).  

1.1 Lung Cancer  

Lung cancer is the leading cause of cancer-related deaths in both males and females, 

worldwide [3]. While lifestyle, environmental, occupational exposures, secondhand 

smoking, air pollution, domestic use of biomass fuel and genetic mutations are all 

associated with the development of lung cancer, smoking still remains the highest risk 

factor [3, 4]. Around 20% of all lung cancers occur in non-smoking patients and may be 

due to somatic mutations related to other environmental exposures, for example, to air 

pollution [6]. The median age at which lung cancer is diagnosed is 70 years [7]. 

Occurrences in individuals younger than the age of 45 are rare [7].  

 There are two types of lung carcinoma: small cell lung carcinoma (SCLC) and 

NSCLC [3]. This study focuses on NSCLC, which accounts for 80% of all lung cancers 
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[5]. In NSCLC, there are various histopathological subgroups, including adenocarcinoma 

(ADC), squamous cell carcinoma (SCC), large cell carcinoma (LCC), and adenosquamous 

carcinoma (ASC) [4, 8]. NSCLC is routinely subclassified based on the presence of 

oncogenic drivers includingmutations or deletions of the epidermal growth factor receptor 

(EGFR), gain-of-function mutations of the Kristen rat sarcoma viral oncogene (KRAS), or 

translocations and rearrangements involving the ROS1 or anaplastic lymphoma kinase 

(Alk) genes [3, 9]. Although there are several diagnostic tools for identifying these 

oncogenic driver mutations, curative lung cancer treatments are lacking [9].  

1.2 Long-term and modern treatments against lung cancer   

Standard treatments for lung cancer patients include surgical resection, radiation, 

and chemotherapy [7]. The introduction of targeted therapies has revolutionized lung 

cancer treatment. In particular, monoclonal antibodies, along with small kinase inhibitors 

that target oncogenic alterations help in yielding a significant increase in the overall 

survival of lung cancer patients’ [7]. In addition, antibody-based immunotherapies 

targeting immune checkpoints have recently been introduced as a therapeutic option [7]. 

These types of medications modulate tumor-immune interactions and bolster 

immunosurveillance by promoting the activation of dormant and exhausted T-cells [10].   

Immunosurveillance, or the ability of the immune cells to identify and eliminate 

cancerous cells, is a key mechanism for controlling cancer growth and progression [11]. 

Indeed, the host immune system plays a major role in the surveillance against tumors and 

effective immunity against cancer involves complex interactions between the tumor, host, 

and the microenvironment [11]. Although many tumors are recognized by the adaptive 
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immune system, tumor cells are able to evade and weaken the immune system by various 

mechanisms [12, 13]. There are several ways in which tumor immunity is suppressed: T 

cell apoptosis, anergy, inhibition of cytokines such as IL-10, and upregulation of immune 

checkpoint receptors and ligands [14]. For example, expression of the PD-L1 on tumor 

cells with surrounding antigen presenting cells (APCs), and its interaction with the PD-1 

on T-cells, can reduce the ability of the immune cells to eliminate malignant cells [14].   

To counteract the effect of inhibitory immune checkpoints such as PD-L1 expressed 

by tumor cells, several monoclonal antibodies (mAbs) targeting inhibitory tumor-immune 

interactions have been developed and approved by the FDA as a therapeutic option for 

cancer patients [14]. Therapeutic agents that target PD-1, PD-L1 and cytotoxic T-

lymphocyte associated protein 4 (CTLA-4) are shown to significantly increase the survival 

rate of cancer patients and are broadly used as first and second-line treatments in lung 

malignancies [15]. However, clinical benefit of immune checkpoint blockades (ICBs) is 

seen in only around 15-24% of patients [16]. Some of the potential factors that contributes 

to the variation in response of patients to this treatment are having different levels of 

immune checkpoints such as CTLA-4, as well as tumor mutation burden, neoantigens and 

variations of the tumor microenvironment [15]. These factors contribute to the reason why 

identifying clinically useful biomarkers to be able to predict response to these ICB 

treatments is a main priority in cancer treatment [16]. Along with that, the expression of 

immune checkpoints, MHC-I, HLA, previous treatments administered and types of 

immune infiltrate can also contribute to challenges in finding biomarkers. Still, there is a 

lot of information that is yet to be known.  
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1.3 Cancer and the Immune System  

 An important function of the immune system is to recognize and destroy foreign 

harmful antigens, and to protect the host from environmental threats [1]. Since tumor cells 

undergo uncontrolled growth and are driven by oncogenic mutations, they are recognized by 

the immune system as foreign bodies [17]. Indeed, some tumor types harbor a high number 

of mutations, alterations, and tumor-specific antigens (TSAs) [17]. These TSAs are presented 

to adaptive immune cells through antigen presentation complexes such as major 

histocompatibility complex (MHC) I and II, which promotes the activation of an immune 

response, a process known as immunosurveillance [18]. However, once MHC-bound TSAs 

are recognized by the immune cells, the full activation of these cells is modulated by several 

co-stimulatory and co-inhibitory molecules including the above-mentioned immune 

checkpoints [19]. By upregulating inhibitory immune checkpoints, cancer cells have the 

ability to weaken the immune response and evade immunosurveillance [20, 21]. Therefore, 

these inhibitory molecules have become a main therapeutic target in cancer treatment [21]. 

An example of inhibitory molecules as a therapeutic target in cancer treatments is by 

the inhibition of the PD-1/PD-L1 axis [22]. PD-1 is a transmembrane protein that is found 

on activated T-cells, B-cells and myeloid cells [22]. Under physiological conditions, PD-1 is 

inhibited to prevent the activation of an immune response, as well as protect the body from 

developing an autoimmunity and an uncontrolled inflammatory response [22]. Therefore, the 

PD-1 receptor contributes significantly towards the regulation of immune tolerance, 

preventing autoimmunity and also avoiding inflammation-induced tissue damage [22, 23].  
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However, tumor cells can engage with the PD-1 receptors on immune cells, specifically 

T-cells, and promote their inactivation through the expression of inhibitory ligands including 

PD-L1 and PD-L2 as presented in Figure 1 [14].  

 

 

Figure 2 shows that by activating various signaling networks such as the mitogen 

activated protein kinase (MAPK) pathway, or pro-inflammatory cytokines signaling such as 

interferon (IFN)-γ, the expression of PD-L1 can be enhanced in cancer cells [24].  

 

Figure 1: Programmed Death Pathway 
The programmed death pathway can occur between immune cells such as T cells, B 
cells and myeloid cells and with tumor cells or antigen presenting cells. Immune cells 
express the PD-1 receptor, while the tumor cells express the ligands: PD-L1/PD-L2.  
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Immune checkpoint inhibitor (ICI) antibodies such as Pembrolizumab and Nivolumab 

have been approved by the FDA and suppress the interaction of PD-1 with PD-L1 [25]. The 

compounds containing anti-PD-1/PD-L1 show the capability to promote tumor regression 

and increase survival rates with low levels of toxicity as compared to other types of 

chemotherapeutic agents [24]. The anti-PD-1/PD-L1 immunotherapy mechanism of action 

Figure 2: MAPK signaling pathway upregulation of PD-L1 expression 
The MAPK signaling pathway can upregulate the expression of PD-L1, and when 
this pathway is inhibited, it does not cause expression of PD-L1. 
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(MoA) involves tumor site immune modulations by targeting tumor induced immune defects 

and repairs to ongoing tumor immunity [24].  

1.4 Cell Death Mechanisms    

Under normal circumstances, cells die for several reasons: they may be ‘old’ and 

replenished with new cells, or damaged and replaced by properly functioning cells [26]. For 

decades, scientists believed that cells could die following two main biological processes: 

apoptosis, a programmed form of cell death, and necrosis, a non-programmed and accidental 

form of cell death [27]. In recent years, scientists have discovered that multiple paralleled 

mechanisms can be undertaken to achieve a similar destiny: the elimination of unwanted, 

damaged, or potentially dangerous cells [28]. However, these diverse cell death mechanisms 

produce various ‘side effects’ on the surrounding cells while impacting immunity and 

inflammation [29]. For example, apoptosis and autophagy are two mechanisms considered 

as ‘silent cell death mechanisms’ as they barely affect the surrounding cells and have an anti-

inflammatory response [30]. In contrast, pyroptosis and necroptosis cause an abrupt 

explosion of the dying cell and a massive release of the cellular material into the extracellular 

environment [31, 32]. Figure 3 shows the various cellular mechanisms that each of these four 

cell death pathways undergo.  



   
 

8 
 

 

 

 

These disruptive behaviors of inflammatory cell deaths are often accompanied by 

mechanisms attempting to contain and repair tissue injury through the activation of the 

immune system [33]. Since antibody-based immunotherapies function by reactivation of 

dormant immune cells to be able to recognize and eliminate cancer cells, we hypothesize that 

this activation may be more effective in tumors where other conditions such as the cell death 

mechanisms described above, to co-stimulate immune activation [10].  

 
Apoptosis			

Apoptosis means “falling off or apart”, a term first used by Hippocrates in a medical 

context [34]. Apoptosis is a programmed cell death (PCD) mechanism that starts with the 

initiation of a family of cysteine aspartyl-specific proteases (caspases) [27, 34]. The 

caspases that play a role in cell cleavage during apoptosis are known as ‘executioner 

Apoptosis Autophagy Pyroptosis Necroptosis Parthanatos

Nucleus

Mitochondria

Apoptotic Bodies

Autophagosome

Inflammatory Cytokines

Figure 3: Cellular components of cell death mechanisms 
Cell components of four cell death mechanisms: apoptosis, autophagy, pyroptosis and 
necroptosis. 
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caspases’, which are present in all cells but in a dormant form and get activated upon 

initiator caspases [34]. There are two modes of apoptotic pathways: intrinsic apoptosis and 

extrinsic apoptosis, each pathway triggered by various apoptotic stimuli and consists of 

different adaptor proteins [34]. The intrinsic apoptotic pathway, also known as 

‘mitochondrial pathway’, consists of mitochondrial outer membrane permeabilization 

(MOMP) to release a protein called cytochrome c into the cytosol upon the initial activation 

of caspases, as well as cellular stress and developmental cues [34]. This cytochrome c binds 

to a protein called the apoptotic protease activating factor-1 (Apaf-1) and forms a 

multimolecular complex known as the apoptosome that activates pro-caspase 9 [28]. The 

extrinsic apoptotic pathway, also known as the ‘death receptor (DR) pathway’, is triggered 

by the interaction of extracellular ligands from the environment, with cell surface receptors 

known as DRs [34]. Ligands of the DR belong to the tumor necrosis (TNF) family, and 

some of the DRs are tumor necrosis factor receptor-1 (TNFR1) and CD95, also known as 

FAS [34]. Both the extrinsic and intrinsic apoptotic pathway undergo similar changes in 

morphology such as cytoplasmic events including plasma-membrane blebbing, formation 

of apoptotic bodies, DNA fragmentation, and cell shrinkage [27, 34, 35]. The apoptotic 

bodies which consist of the separated cell fragments, are eliminated by immune system 

cells though an engulfment cell process known as efferocytosis [27, 36]. Due to the fact 

that the intracellular contents of a cell are engulfed and are not release into the extracellular 

environment, cells of the apoptotic pathway have the ability to suppress an inflammatory 

or immune response [30]. Therefore, apoptosis is considered to be an immunologically 

silent form of cell death [30]. Another important feature of apoptosis is its ability to 
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maintain immune homeostasis by mediating the Fas and Fas Ligand (FasL) [37]. Apoptosis 

by the FasL interaction, can limit the harm caused by immune responses such as 

autoimmunity as well as damage from cancer cells [37].    

 

Autophagy	 
Autophagy, also known as ‘self-eating',  comes from the Greek words: ‘auto’ which 

means self, referring to the cell itself, and ‘phagy’ which means eating [38]. There are three 

types of autophagy: macroautophagy, microautophagy and chaperone-mediated autophagy 

(CMA) [28]. Autophagy, referred to as macroautophagy, is an intracellular degradation 

mechanism that occurs by packaging damaged or old organelles into vesicles known as 

autophagosomes [27]. A key protein that plays a role in the formation of an autophagosome 

is the light-chain 3 (LC3) protein, which closes the open plasma membrane forming the 

autophagosome [28]. The autophagosomes can then fuse with lysosomes to degrade the 

unwanted or damaged cellular components found within the autophagosomes and allows 

for the degradation and recycling of the cellular components [27]. Autophagy has two 

distinct roles: promoting cell death by associating with the apoptotic pathway, and in 

contrast, promoting cell survival by maintaining homeostasis during harsh conditions such 

as nutrient deprivation, and defending cancer cells against immune cells and allow for 

prolonged survival [27]. Some of the important proteins involved in the autophagic 

pathway are the proteins encoded by the autophagy-related genes (ATGs), and the protein 

encoded by the Beclin gene, beclin-1 (BECN1) [28]. BECN1 has a direct impact on the 

activation of autophagy, based on if the Beclin gene is expressed or not [28]. One 

significant pathway involved in the activation of autophagy is the mammalian target of 
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rapamycin kinase (mTOR) pathway, also known to be the central regulator of autophagy 

[28]. When the mTOR pathway is suppressed, it leads to the activation of autophagy [28]. 

 

Necroptosis		
 
 Necroptosis is a caspase independent PCD mechanism that can be induced by TNFs 

as well as apoptosis inducing factors (AIFs) [39, 40]. Necroptosis releases immunogenic 

contents into the extracellular environment such as death associated molecular patterns 

(DAMPs), leading to the activation of pattern-recognition receptors (PRRs) and triggers 

inflammation by toll-like receptors (TLRs), leading to a strong immune response [41]. TNF 

is a shared cell membrane receptor that is common to both extrinsic apoptosis and 

necroptosis [29]. High levels of caspase-8 prevent necroptosis from occurring, and the 

inverse is true for apoptosis [29]. TNF along with caspase-8 activity regulates the activation 

of necroptosis and determines if a cell dies through apoptosis or necroptosis once triggered 

by external stimuli such as DNA damage and TLR ligation [29]. The process of necroptosis 

occurs by the downstream effector molecule of necroptosis known as the mixed lineage 

kinase domain like pseudokinase (MLKL) getting phosphorylated by RIP3, causing 

membrane permeabilization and release of cytosolic components to the extracellular space 

[33]. MLKL and RIP3 are key distinguishing mediators that play a role in the activation of 

the necroptotic pathway [41]. 

 

Pyroptosis		
Pyroptosis, also known as ‘firey death’, is derived from the Greek words: ‘pyro’ 

which means fever or fire, referring to the ability to initiate inflammation, and ‘ptosis’, 
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which means falling apart [28, 42, 43]. Pyroptosis is an inflammatory type of PCD that 

takes place upon the activation of inflammasomes such as pro-inflammatory caspases 

which are proteases of the caspase-1 family: capsase-1/4/5/11 and is therefore a caspase-

dependent PCD mechanism [28, 42]. Under normal conditions, the initiation of pyroptosis 

can be triggered by infections, causing an inflammatory response similar to necroptosis 

[44]. Pyroptosis is a type of lytic cell death, which releases pro-inflammatory cytokines: 

interleukin-1β (IL-1β) and interleukin-18 (IL-18) [44]. The physiological changes that take 

place in pyroptosis are membrane pore formation, cell swelling, plasma membrane lysis, 

DNA damage and release of intracellular contents such as pro-inflammatory cytokines into 

the extracellular environment [28, 44]. A few of the other inflammatory molecules that get 

released by pyroptosis into the external environment are DAMPs, including high mobility 

group box 1 (HMGB1) and adenosine triphosphates (ATP), both of which triggers a strong 

inflammatory response [45]. Along with that, pathogen-associated molecular patterns 

(PAMPs) are recognized by PRRs, causing the formation of an inflammasome, which leads 

to the activation of pyroptosis independent of caspase-1, but by an inflammasomal pathway 

[31].  

Table 1 shows all the proteins that we took into consideration for our study, which 

belong to the cell death mechanisms pathways as well as other relevant cascasdes such as 

neuroendocrine systm, inflammatory response and antigen presentation.  
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Table 1: Programmed cell death pathways and other relevant cascades along with the 
proteins involved in them  
 

Mechanism of Interest RPPA Target Proteins Involved 

Apoptosis BAD, Caspase 6, Caspase 7, Caspase 8, 
Caspase 9, FADD, FKHR-FOXO1, 

PARP, Survivin 
Autophagy ATG, ATG5, ATG12, Beclin1 

Necroptosis MLKL, RIPK1, RIPK3, TNFR1 

Pyroptosis Gasdermin Cleaved, Gasdermin D, 
HMGB1, IL-1β, TLR4 

PD-L1 Clones PD-L1 28-8, PD-L1 E1L3N, PD-L1 22C3 

Neuroendocrine System CD56, Synaptophysin 

Inflammatory Response EZH2, Myeloperoxidase, MyD88, NF-κB 
p65 

Antigen Presentation CD86, HLA-DR, HLA-DR-DP-DQ-DX, 
MHC Class I 

 

 

1.5 Study Aims 

   The purpose of the study is to explore the role of different cell death 

mechanisms in promoting or inhibiting response with PD-1 immuno-checkpoint 

inhibitors Nivolumab and Pembrolizumab in lung cancer. 

 

SPECIFIC AIMS 

Aim 1. To capture programmed cell death mechanisms in clinical biospecimen using 

laser capture microdissection and reverse phase protein microarray. In this aim we 
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measured four types of cell death on pure tumor epithelia isolated from biospecimens 

collected from lung cancer patients treated with an anti-PD-1 agent. 

Aim 2. To explore cell death mechanisms as a predictor of response to treatment and 

toxicity in NSCLC patients treated with an anti-PD-1 inhibitor. In this aim we explored 

associations between programmed cell death mechanisms, immune infiltrate, PD-L1 

expression, and repones to anti-PD-1 treatment. 
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CHAPTER TWO: MATERIALS AND METHODS 

As mentioned previously, the discovery of biomarkers able to predict response to 

targeted inhibitors in human cancer continues to be an ongoing challenge due to significant 

technical barriers, which can profoundly affect the accuracy and reliability of the data 

outcome [16].  For this study, we decided to make use of two technologies: laser capture 

microdissection (LCM) coupled with the reverse phase protein microarray (RPPA) for the 

following reasons:  

1. Patient-derived biospecimens are ideal for capturing ideal molecular events that 

define response to treatment.  

While in vivo and in vitro models are routinely used in drug development and 

testing, these models often do not accurately recapitulate the complex 

molecular landscape of individual tumors [46]. To overcome this hurdle, we 

have used tissue samples collected from NSCLC patients treated with either one 

of the ICIs: Nivolumab or Pembrolizumab.  

2. Cellular composition in human tissue is highly heterogenous.  

Due to the variable contribution of different cell types, tissue heterogeneity can 

profoundly affect the outcome of molecular analysis [47]. The utilization of 

upfront cellular enrichment methods has emerged over the years as a key step 

to control these heterogenous compositions and to accurately assess molecular 

events in tumor cells and surrounding tumor immune cells [48, 49, 50]. To 

specifically isolate tumor cells from the surrounding tumor microenvironment 
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(TME) and assess tumor cells associated with cell death mechanisms in our 

sample population, we used the LCM technology.  

3. Cancer is a disease of aberrantly activated signaling network, thus, high 

throughput technologies are needed to capture predictive markers of response 

within these complex networks.  

While genomic alterations are the underlying cause of cancer, these alterations 

manifest as deranged signaling transduction networks involving a large number 

of nodes that underwent post-translational modifications (PTMs) [51, 52]. 

Capturing these signal transduction networks require the utilization of high-

throughput technologies which allow for the concomitant capture of the 

expression and activation of hundreds of analytes from small amounts of 

material (e.g., few thousand cells) and across a large number of samples [49]. 

To capture proteins involved in four cell death mechanisms, along with their 

expression and PTMs we used the RPPA technology.  This high throughput, 

multiplex immunoassay has been previously used to capture expression or 

activation levels of hundreds of proteins from small amount of biological 

material including microdissected core needle biopsies.   

 

2.1 Tissue Samples 
 

A total of 56 NSCLC formalin-fixed paraffin embedded (FFPE) tissue samples 

were used in this study. Sample set included surgical specimens and core-needle biopsies. 

Samples were collected from the University of Perugia, Italy between the years of 2008 
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and 2019 under voluntary informed consent from patients and under the approval from the 

local Institutional Review Board (IRB) for the purposes of molecular analysis. Patients 

were treated with either one of two types of FDA-approved immunomodulatory drugs 

(IMiDs) specifically PD-1 inhibitors: Nivolumab and Pembrolizumab. Each tissue sample 

was mounted on charged glass slides by measurements of eight-micron sections. Charged 

glass slides have an advantage since it enables the tissue to adhere to the slide more 

efficiently, thus allowing for better microdissection. An average of four slides were used 

for each sample case, one of which was used as the reference slide for malignant cell 

visualization and was stained using the Mayer’s Hematoxylin (Sigma Aldrich, St. Louis, 

MO) and Eosin (Sigma Aldrich, St. Louis, MO) (H&E) staining protocol. This allows for 

the assessment and rough estimate of the number of malignant cells present and their 

specific location in the tissue [53]. Briefly, samples were first deparaffinized in xylene for 

30 minutes, followed by a 30 second incubation in decreasing amounts of Ethanol (namely: 

100, 95 and 70%). Samples were then washed in deionized water (DI) water, and incubated 

with Mayer’s Hematoxylin (Sigma Aldrich, St. Louis, MO), Scott’s Tap Water (Electron 

Microscopy Sciences, Hatfield, PA), 70% Ethanol and Eosin. Finally, samples were 

dehydrated in 95% and 100% ethanol and xylene.  Once the FFPE slides have been 

rehydrated, isolating pure cell populations from the tissue section was the next step, which 

was conducted by using the LCM apparatus.  

 

2.2. Laser Capture Microdissection (LCM) 
 
Overview 
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LCM was used to capture only the cells of interest, in our case tumor cells, while 

avoiding the capture of unwanted cells, including: lymphocytes, macrophages, red blood 

cells, fibroblasts, and non-cancerous pulmonary cells. LCM was performed using the 

Arcturus PixCell II microscope, as shown in Figure 4 (Arcturus, Mountain View, CA).  

 

 

There are three significant steps that occur during the LCM process: tissue 

visualization by the inverted microscope, capture of cells of interest by thermolabile 

polymer upon melting from infrared (IR) laser emission, and extraction of captured cells 

from tissue section. The first step consists of tissue visualization through the inverted 

microscope, which allows for direct visualization of the cells of interest based of cellular 

Figure 4: Photograph of the LCM apparatus used in this study 
Located at: Center of Applied Proteomics and Molecular Medicine 
(CAPMM) at George Mason University (GMU).  
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structure and composition, allowing for exact capture. The second step is the emission of 

energy by the IR laser onto a thermolabile polymer at a target area of interest by aiming 

the probe directly, allowing for the cells to adhere onto the polymer itself, forming the 

polymer-cell composite [54, 55]. The infrared laser, consisting a wavelength of 810 

nanometers, is aimed at the desired cells in the tissue and once activated it mels the polymer 

above the cell of interest [56]. The last step is the extraction of cells of interest from the 

tissue section, to isolate cells of interest from the entire tissue section [55]. By removing 

the thermolabile polymer, the cells of interest are removed from the tissue sample.  

 

Staining the Tissue Slides 

FFPE slides that underwent microdissection were first deparaffinized in xylene 

twice, each of 15 minutes each prior to staining the solutions. Slides were dehydrated in 

xylene again, allowing the tissue to become fixated onto the slide after staining the slides. 

Slides were stained in 100% Ethanol, 95% Ethanol, 70% Ethanol, DI Water, Hematoxylin, 

DI Water, Scott’s Tap Water, followed by dehydrating the slide in ethanol (70%, 95%, and 

100%) and xylene. Respectively. To maintain the proteins from being degraded or 

phosphorylated, one tablet of Complete Protease Inhibitor Cocktail Tablets (Roche 

Applied Science, Indianapolis, IN) was dissolved in each staining solution, except for 95% 

and 100% ethanol and xylene solutions [53]. This tablet prevents protein degradation 

during the LCM and also preserves post-translational modifications. Once the slides have 

been stained, LCM process took place within 30 minutes to allow for maximum 

optimization of cells captured and to avoid the tissue degradation as well as being exposed 
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to excess humidity. If slides are left at the non-ideal humidity levels, tissue degeneration 

may occur causing a loss of efficiency to correctly measure proteins. Malignant cells were 

collected on CapSure Macro LCM caps (Arcturus Bioscience, Mountain View, CA) at an 

average of 1000 cells per sample.  

Preserving the thermolabile caps 

An average of 1000 cells were collected for each sample. Thermolabile caps were 

inserted into 0.5mL LCM tubes (Arcturus Bioscience, Mountain View, CA) and labeled 

with the sample identity document (ID) and cap number. Approximation of captured cell 

shots were documented separately, and caps were then placed into -80°C freezer allowing 

for long-term storage prior to running the array.   

 Preparing the cellular lysates from LCM  
 

The samples used in RPPA were from the micro-dissected samples captured from 

snap frozen FFPE tissue samples mentioned previously. Commercially available kit called 

Qproteome FFPE Tissue Kit (QIAGEN, Hilden, Germany) was used for the lysis of 

captured cells. The polymer attached onto the cap was removed using sterile tweezers and 

placed into a screw top tube for each sample to be added into protein extraction buffer. 

Protein extraction buffer was used as opposed to a lysis buffer since cells were derived 

from a fixed tissue sample and not directly from a cell culture or non-fixed cellular material 

[56]. The extraction buffer consists of an ionic detergent with a reducing agent, along with 

Tissue Protein Extraction Reagent (T-PER, Pierce), Tris-Glycine sodium dodecyl sulfate 

(SDS) Sample Buffer (Invitrogen), and β-mercaptoethanol [56]. Appropriate amounts of 

protein extraction buffer and β-mercaptoethanol (1µL of extraction buffer per 1000 cells 
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captured), was added to each screw top tube relative to the total number of cells present in 

each tube. Samples were then incubated for 5 minutes at 4°C and left to boil on a heating 

block for 20 minutes, followed by placing it in 80°C water bath for 2 hours. Afterwards, 

the samples were placed on ice for 1 minute and centrifuged at 14,000xg for 15 minutes at 

4°C. Supernatant was extracted and stored into new screw top tubes, labeled with the 

George Mason University (GMU) ID and stored at -80°C until printing of the arrayer.  To 

estimate the amount of protein in each sample, cell lysates were printed using the RPPA 

along with a bovine serum albumin (BSA) serial dilution curve. Samples’ concentrations 

ranged between 44 µg/µL and 7556 µg/µL.   

 
2.3 Reverse Phase Protein Microarray (RPPA) 

The RPPA is a high-throughput, sensitive, quantitative, multiplex proteomic 

platform immunoassay that allows for the analysis of proteins from a complex cellular 

lysate. This assay also allows post-translational modifications including phosphorylation, 

ubiquitination and protein cleavage from a complex cellular lysate [56, 57]. There are four 

advantages of using the RPPA platform: it is an automated high-throughput system which 

allows to analyze hundreds of samples on one array when a signal amplification system 

such as the one used in this study, biotynyl tiramide (Sigma-Aldrich) is used, and it also 

allows to directly compare the relative abundance of an analyze across hundreds of 

samples. The last advantage of using the RPPA platform is due to the convenience for this 

study as microscopic amounts of biological material was utilized, and the platform allows 

for broad scale profiling of hundreds of analyses from a few thousand cells, as the limit of 
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detection (LOD) is in nanograms or picograms [56]. Moreover, RPPA is known to have a 

greater concordance with the IHC (> 90%) [57]. 

Several hundreds of samples can be analyzed and concomitantly immobilized and 

probed on each array using a primary antibody, rabbit antibody in this study, that gets 

detected by a secondary antibody, of which we used a mouse antibody [56].  

A brief overview of the RPPA process includes preparing cellular lysate, 

immobilizing the samples onto nitrocellulose slides, evaluating the total protein 

concentration for each sample, array immunostaining using fluorescent detection method 

and lastly, analyzing the spot intensities of proteins [56]. 

Sample immobilization.  

The first step of the RPPA process involves immobilizing the samples, onto a 

nitrocellulose-coated glass slide, (GRACE Bio-labs; Sartorius Stadim Biotech), using the 

Aushon Biosystems 2470 arrayer (Aushon Biosystems, Billerica, MA) [56, 57, 58]. An 

average of 9nL of sample is immobilized in each spot. Samples were printed in technical 

replicates (n=3) along with reference standard used for quality control and assurance [56, 

57]. The RPPA arrayer consists of 20 pins, each of which are 185µm diameters [56].  

Samples were thawed for 2 minutes on a heating block and centrifuged for 

approximately 10 seconds. The slides were placed on the platen with the nitrocellulose side 

facing upwards and loaded into the arrayer. Samples were then loaded into 384-well 

microplates along with a serial dilution curve of BSA that is use to estimate the total amount 

of proteins in each sample [56, 57].  

Immunostaining 
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Prior to the immunostaining procedure, it is essential to make sure that non-specific 

binding of the array does not take place. To overcome this issue, the ReblotTM solution 

antibody stripping solution (Chemical, Temecula, CA) is used to treat each of the array for 

a duration of 15 minutes each, followed by a blocking in I-Block Protein Blocking Solution 

for at least four hours (Tropix, Bedford, MA). Samples are then probed with a single rabbit 

primary antibody, which targets a protein of interest on the automatic Autostainer (Dako, 

Cytomation, Carpinteria, CA). Once the primary antibody has been incubated, the slides 

are rinsed in tris buffered saline Polysorbate 20 (TBST) and probing with the secondary 

antibody, in this case, an anti-rabbit mouse antibody, was used. The tyramine-based  

Catalyzed Signal Amplification (CSA) System (CSA; Cytomation, Carpinteria, CA) 

coupled with fluorescence IRDye680 Streptavidin dye LI-COR Biosciences, Lincoln, NE) 

is used for signal detection . 

Antibodies used on the RPPA were previously validated by Western Blot to 

evaluate their specificity for the target epitope. A full list of the antibodies used for this 

work can be found in Table 2.  

 

Table 2: List of Antibodies used for the RPPA analysis 
Table 2 shows a list of RPPA target proteins, vendors, catalog numbers, species of the 
antibody that correspond to the target proteins, and dilutions.  

Target Protein Vendor Catalog 
Number Species Dilution 

ATG12 Cell Signaling 2010 Rabbit 1:100 
ATG5 Cell Signaling 2630 Rabbit 1:1000 

BAD (S136) Cell Signaling 9295 Rabbit 1:50 
BAD (S155) Cell Signaling 9297 Rabbit 1:100 

Beclin1 Cell Signaling 3738 Rabbit 1:100 
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Selected arrays were probed with  using Sypro Ruby Protein Blot Stain (Molecular 

Probes, Eugene, OR) to estimate the amount of protein in each sample. Sypro Ruby Protein 

Caspase 8 Cell Signaling 9746 Mouse 1:1000 
Caspase-6 Cleaved 

(D162) Cell Signaling 9761 Rabbit 1:50 

Caspase-7 Cleaved 
(D198) Cell Signaling 9491 Rabbit 1:100 

Caspase-9 Cleaved 
(D315) Cell Signaling 9505 Rabbit 1:100 

Caspase-9 Cleaved 
(D330) Cell Signaling 9501 Rabbit 1:50 

CD56 Cell Signaling 95746 Rabbit 1:100 
CD86 Cell Signaling Sc-28347 Mouse 1:100 

EzH2 (D2C9) XP Cell Signaling 5246 Rabbit 1:500 
FADD (S194) Cell Signaling 2781 Rabbit 1:100 

FKHR-FOXO1 (S256) Cell Signaling 9461 Rabbit 1:100 
Gasdermin Cleaved Cell Signaling 36425 Rabbit 1:100 

Gasdermin D Cell Signaling 93709 Rabbit 1:100 
HLA_DR Cell Signaling Sc-53319 Mouse 1:50 

HLA_DR_DP_DQ_DX Cell Signaling Sc-53302 Mouse 1:50 
HMGB1 Cell Signaling 6893 Rabbit 1:200 

IL-1β Cleaved (D116) Cell Signaling 83186 Rabbit 1:100 
LC3B Cell Signaling 2775 Rabbit 1:100 

MHC Class I Cell Signaling Sc-55582 Mouse 1:500 
MLKL Cell Signaling 14993 Rabbit 1:100 
MyD88 Cell Signaling 4283 Rabbit 1:500 

Myeloperoxidase Cell Signaling 4162 Rabbit 1:200 
NF-κB p65 (S536) Cell Signaling 3031 Rabbit 1:100 

PARP Cleaved Cell Signaling 9541 Rabbit 1:100 
PD-L1 (28-8) Cell Signaling Ab205921 Rabbit 1:500 

PD-L1 (E1L3N) XP Cell Signaling 13684 Rabbit 1:500 
PD-L1 (22C3) Cell Signaling M3653 Mouse 1:50 

RIP1 Cell Signaling 3493 Rabbit 1:100 
RIP3 Cell Signaling 13526 Rabbit 1:100 

Survivin Cell Signaling 2808 Rabbit 1:500 
Synaptophysin Cell Signaling 36406 Rabbit 1:100 

TLR4 Cell Signaling Sc-293072 Mouse 1:100 
TNF-R1 Cell Signaling 3736 Rabbit 1:50 
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Slides stained in Sypro were protected from environmental light by covering the container 

with aluminum foil. Images of the stained slides were visualized from the PowerScanner 

instrument (TECAN, Monnedorf, Switzerland). Intensity values for antibody and Sypro 

Ruby stained slides were quantified using MicroVigene software Version 5.1.0.0 

(Vigenetech, Carlisle, MA) [57].   

2.4 Statistical Analysis  

Unsupervised hierarchical clustering analysis consisting of dendrograms and 

clusters were generated using the software JMP Pro 14 (SAS Institute Inc., SAS, Cary, 

NC). Chi-squared tests and Fisher’s Exact Test were used to compare frequencies. Non-

paramentric tests were used to compare groups. Abalysis was performed using SPSS and 

all p values <0.05 were considered significant.  

Bar and were created with GraphPad Prism software Version 9 was used (GraphPad 

Software Inc., San Diego, CA). Sperman rho correlation coefficients were calculated in 

JMP Pro 14. Interactions with a coefficient >0.75 were used to generate network maps in 

Gephi Graph Visualization and Manipulation software 0.9.2 was used (Association for the 

Advancement of Artificial Intelligence, 2009).  
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CHAPTER THREE: RESULTS 

 
3.1 Demographic, pathological, and clinical characteristics of patients  

 As shown in Table 3, the sample set in this study consists of 56 NSCLC patients in 

total, of which 39 patients were males and 17 patients were females. 14% of all the patients 

were not non-smokers. 34 of the samples had a tissue histology of adenocarcinoma (ADC), 

2 samples were adenosquamous carcinoma (ASC), 2 samples were large cell carcinoma 

(LCC), 9 samples were small cell carcinoma (SCC), and 1 sample was undefined (Table 

3).  

 

Table 3: Demographic and Clinical-Pathological Information of 56 patients included 
in the study 
Count and percentage are reported for each variable; Chi-squared test was performed to 
identify differences in the variables’ distribution between the groups.  
 
 

Patient Demographics Number of Patients P value 
based on 
PD-L1 
levels 

Total Number of Patient Samples 56  

Sex N (%)  0.430 
Male 39 (69.64%)  

Female 17 (30.35%)  
Smoking History N (%)  0.517 

Non-Smokers 8 (14.28%)  
Smokers 45 (80.35%)  
Unknown 2 (3.57%)  

Smoking History Based on Sex N 
(%) 

39 0.001 

Female Smokers 6 (15.38%)  
Female Non-smokers 6 (15.38%)  
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Male Smokers 26 (66.66%)  
Male Non-smokers 1 (2.56%)  
Histology N (%)   

Adenocarcinoma (ADC) 41 (73.21%)  
Squamous Cell Carcinoma (SCC) 9 (16.07%)  

Adenosquamous Carcinoma (ASC) 2 (3.57%)  

Large Cell Carcinoma (LCC) 2 (3.57%)  
Undefinable 2 (3.57%)  

Age Ranges N (%)   
20-40 12 (21.43%)  
41-60 24 (42.85%)  
61-90 20 (37.71%)  

Median age at treatment initiation 56  

EGFR Mutation N (%)   
EGFR Wildtype 41 (73.21%)  
EGFR Mutant 4 (7.14%)  

EGFR NA 11 (19.64%)  
KRAS Mutation N (%)   

KRAS Wildtype 24 (42.85%)  
KRAS Mutant 14 (25%)  

KRAS NA 18 (32.14%)  
TP53 Mutation N (%)   

TP53 Wildtype 24 (42.86%)  
TP53 Mutant 9 (16.07%)  

TP53 NA 23 (41.07%)  
Stage at Diagnosis N (%)   

Stage I 5 (8.93%)  
Stage II 4 (7.14%)  
Stage III 11 (19.64%)  
Stage IV 36 (64.28%)  

 

 

Fisher’s Exact Test was conducted to assess if smoking status was correlated with sex. P 

value between male and female smokers was 0.001. This p value is highly significant and 

rejects the null hypothesis that smoking habits are equal between males and females. From 

the p value, we can conclude that smoking is more common in males than females. In 
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contrary, sex did not affect PD-L1 expressioin when measured with the 28-8 clone 

(p=0.430). Similarly, smoking was not associated with PD-L1 expression (p=0.517).  

3.2 Immune Infiltrate Expression Levels and Antigen Presentation are connected to 

PCD mechanisms in NSCLC 

 Given the interplay between PCD mechanisms and inflammatory response, we first 

explored interconnections between immune infiltrate and antigen presentation, 

inflammatory signaling pathways and cell death mechanisms. Immune infiltrates were 

scored by a certified pathologist, Dr. Mandarano, on 20 surgical specimens and were 

classified as ‘High’, if the infiltrate was moderate or intense, and ‘Low’ if infiltrate was 

classified as absent, minimal, or mild in the specimens. Using unsupervised clustering 

analysis, we evaluated the expression and activation of proteins involved in PCD 

mechanisms, antigen presentation (MHC-I and HLA), and inflammatory response (NF-κB 

signaling) in the high and low infiltrate groups. Although antigen presentation does not 

directly modulate cell death mechanisms, these molecules are significant regulators of 

immunosurveillance in cancer and can affect immune infiltration in the TME. Figure 5 

represents the unsupervised hierarchical clustering showed two main clusters, namely A 

and B.  
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A subgroup of patients in cluster A had an overall low activation of the measured analysis, 

and these samples were collected from patients with low immune infiltrate. The remainder 

of the samples in Cluster A were heterogeneous and included samples with high and low 

levels of infiltrate. Cluster B presented with increased activation and expression of the 

Figure 5: Unsupervised Hierarchical Clustering Analysis 
based on levels of immune infiltrate 
Samples were organized into two main clusters: Cluster A and 
Cluster B. Cluster A presented with a more heterogeneous 
group, while Cluster B presented with an increased expression 
and activation levels of the measured analytes. 
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proteins involved in antigen presentation, cell death mechanisms, and inflammation. Of 

interest, 67% of the samples in Cluster B presented with high levels of immune infiltrate. 

PD-L1 expression levels were significantly increased in patients with high level of infiltrate 

compared to those that had low levels (Figure 5). Non-parametric two-group comparison 

between samples with high and low infiltrates identified several proteins differentially 

expressed and activated across our two clusters. These groups of patients also presented in 

increased signaling events involved in the regulation of the inflammatory response (NF-

κB and HLA) and in proteins involved in the immunogenic cell death mechanism, 

pyroptosis (Gasdermin and HMGB1) as shown in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Proteins involved in Pyroptosis:

Proteins involved in Inflammatory Response (NF-!B signaling):

Figure 6: Proteins that emerged as statistically different in samples with 
high and low immune infiltrate 
Bar graphs with mean and standard error of the mean are shown for selected 
proteins belonging to the NF- κB signaling pathway and PCD pyroptotic 
pathway. 
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As expected, Figure 7 shows samples with high levels of immune infiltrate presented with 

increased expression of antigen presenting molecules (MHC-I and HLA).  Taken together, 

these data suggests that tumors with high levels of immune infiltrate and inflammatory 

response through NF-κB signaling and pyroptosis, may overexpress PD-L1 to evade 

immunosurveillance.  

Proteins involved in Antigen Presentation

Figure 7: Antigen presenting proteins that emerged as 
statistically different in samples with high and low immune 
infiltrate 
Bar graphs with mean and standard error of the mean are shown 
in selected proteins thadt play a role in antigen presentation. 
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3.3 High and Low expression levels of PD-L1 28-8 causes variation amongst activation 

of cell death pathways 

 PD-L1 28-8 expression is routinely measured in clinical practice using FDA-

approved IHC assays to identify patients that may benefit from treatment with monoclonal 

antibodies targeting the PD-1/PD-L1 axis. For this comparison we decided to use the PD-

L1 28-8 clone as it is one of the three anti-PD-L1 antibodies used as a diagnostic test 

approved by the FDA. We first examined the concordance in PD-L1 expression captured 

by standard IHC and RPPA. Patients with high level of PD-L1 28-8 by IHC show a 

significant increase in the expression of ligand in the RPPA analysis (Figure 8).  

 

 

 

 

 

 

 

Higher level of concordance was detected in patients with high expression levels of PD-L1 

by RPPA. Given that the RPPA data is non-subjected and based on a continuous 

measurement, we then used the RPPA data to define two populations in our data set, 

Figure 8: PD-L1 28-8 expression measured by IHC and RPPA 
Comparison between PD-L1 28-8 expression by IHC and RPPA indicates 
high level of concordance, especially for patients with high expression of 
PD-L1 28-8.   
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namely a PD-L1 ‘High’ (above the mean) and a PD-L1 low (below the mean) population. 

The expression/activation of the high and low IHC analytes were compared between these 

two groups using the Mann-Whitney test.  

Figure 9 shows an unsupervised hierarchical clustering analysis in which we 

identified three main clusters.  

 

 

 

 

Cluster A Cluster B Cluster C

Figure 9: Unsupervised hierarchical clustering analysis based on PD-L1 28-8 
expression levels 
Samples were organized in three main clusters (Cluster A, B & C) and presents 
with varying degree of expression/activation of proteins involved in cell death 
mechanisms. 
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Cluster A mostly contained samples with low PD-L1 expression, and  also 

presented with an overall decrease signal activity across all cell death mechanisms (Figure 

9). Cluster B mostly included PD-L1 high samples and presented with increase activation 

of proteins involved in cell death mechanisms and in particular downstream regulators of 

apoptosis (BAD, Caspase 6, Caspase 7, Caspase 8, FADD, FOXO1, and Caspase 9) and 

pyroptosis (HMGB1, Gasdermin D, Gasdermin Cleaved, TLR4, and NF-κB). Cluster B 

contained both PD-L1 high and low samples and presented with heterogenous 

activation/expression of protein regulating cell death mechanisms. Group-comparison 

between PD-L1 high and low samples confirmed some of the differences identified by the 

unsupervised clustering analysis. Of interest, samples with high PD-L1 expression were 

also characterized by higher levels of a CD86, which is another immune checkpoint ligand 

expressed on antigen presenting cells. This ligand serves as a costimulatory or coinhibitory 

signaling molecule and modulate T-Cell activation depending on the ligand it interacts with 

(e.g., CD28 or CTLA4). We also detected pyroptosis effectors to show an increase in the 

PD-L1 28-8 group as shown in Figure 10.  
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From a PCD perspective, several signaling proteins involved in apoptosis were 

increased in the PD-L1 28-8 group as shown in Figure 11.  

Apoptosis proteins statistically significant based on PD-L1 high and low expression

Pyroptosis proteins statistically significant based on PD-L1 high and low expression

Figure 10: Pyroptotic proteins that emerged as statistically different 
in samples with high and low PD-L1 28-8 expression levels 
Bar graphs with mean and standard error of the mean are shown for 
selected proteins belonging to the pyroptotic pathway. 
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Taken together, these data suggest that expression and activation of cell death 

related molecules differ in tumors with high and low levels of PD-L1 28-8. Overall, 

patients with high PD-L1 levels have a higher degree of activation of immunogenic and 

non-immunogenic signaling pathways.  

 
 

Apoptosis proteins statistically significant 
based on PD-L1 high and low expression

Figure 11: Apoptotic proteins that emerged as statistically different 
in samples with high and low PD-L1 28-8 expression levels 
Bar graphs with mean and standard error of the mean are shown for 
selected proteins belonging to the apoptotic pathway. 
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3.4 Resistance is related to disease progression in response to immune checkpoint  

inhibitors against NSCLC 

Resistance to treatment is associated with disease progression due to immune 

checkpoint therapies in NSCLC. Figure 12 presents patient samples that were distinguished 

based on response to therapy as follows: partial response (PR), stable disease (SD) and 

progressive disease (PD).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Unsupervised hierarchical clustering analysis based on level of 
disease progression 
Samples were organized into two main clusters: (Cluster A and B) with equally 
distributed samples from patients that had a partial response (PR), stable disease 
(SD) and progressive disease (PD). 
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By using the unsupervised hierarchical clustering analysis, responders to treatment 

were compared for expression of proteins involved with cell death mechanisms (Figure 

12). Two main clusters were obtained from the figure and shows heterogeneity across 

patients’ response to treatment. Cluster A represents PR (n=6) and SD (n=3). Cluster B 

represents PD (n=13). Cluster A portrays a downregulation and lack of significant 

expression of the cell death proteins. In contrast, Cluster B with PD shows high levels of 

protein activation. This can be justified because the more tumor cells try to proliferate and 

maintain survival, the more the immune system tries to maintain and control the tumor 

cells from evasion. Thus, the reason for more activation of cell death proteins against tumor 

cells. Cluster B also shows how the proteins are being activated in response to high levels 

of malignant cells. 

To observe the role of proteins involved in cell death mechanisms and their 

response to ICIs, we observed the interconnections of proteins based on patients with 

progressive disease and those who are partial responders. For each pair of proteins, 

Spearman’s rank of correlation coefficient was calculated and protein interconnections 

with a value greater than 0.85 were part of the protein network map. Figure 13 represents 

the protein interconnections that occur in patients with a progressive disease.  
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From the network map presented in Figure 13, it can be concluded that proteins 

belonging to the group of patients with a progressive disease have a higher interconnection 

between the proteins, each group of proteins related to a different cell death mechanism. 

As seen in Figure 14, those with a partial response to treatment showed  the presence of a 

significant cell death mechanism, pyroptosis, portrayed on the  isolated blue cluster of 

proteins. The protein network map of partial responders portrayed a lower number of 
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Figure 13: Protein correlation map of patients with progressive disease 
For each pair of proteins, Spearman’s correlation coefficient values were 
calculated. Values with a coefficient >0.85 are displayed in the network map 
as interconnections. 
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interconnections, as well as smaller nodes. Of the five clusters, three clusters as represented 

in light green, purple and blue colors, were presented as main clusters and were completely 

isolated from the two minor clusters, represented in orange and dark green (Figure 14). The 

clone PD-L1 28-8 is present as one of the main clusters, showing the fact that the partial 

responders have elevated levels of PD-L1 28-8, which leads to the activation of the cell 

death mechanism pyroptosis.  

 
 

 

Figure 14: Protein correlation map of patients with a partial response to treatment 
Spearman’s rank correlation coefficients were calculated for each pair of proteins and 
interconnections with a coefficient >0.85 are represented.  
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 We have also analyzed the overall progression on immunotherapy, or response to 

treatment, across the patients, as shown in Figure 15. At the last follow-up treatment, only 

six of the patients were still receiving immunotherapy, and were without progression. Of 

the patients who displayed a progressive disease, we saw statistically significant endpoints 

that belong to the pyroptotic pathway, including HMGB1, Cleaved Gasdermin and the 

inflammatory regulator NF-κB, as compared to those who had a non-progressive disease.  

 

 

   

 

 

 

 

 

 

 

 

 
 
 
3.5 Toxicity as an adverse event in response to Nivolumab and Pembrolizumab can 

be predicted by three protein biomarkers: CD86, Gasdermin D and TLR4.  

 

Figure 15: Statistically significant endpoints based on treatment benefit 
Bar graphs with mean and standard error of the mean and p values are shown 
in selected proteins belonging to the pyroptotic pathway. 
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In our patient sample set, the specific type of AE is unknown and is generalized to 

‘toxicity’. The graphs on toxicity are based on 48 patients who were diagnosed with 

toxicity and those who did not. Of the 48 patients, 23% experienced an AE while receiving 

immunotherapy. We observed the protein expression levels of patients with AE and 

patients who did not experience an AE. Figure 16 shows our findings of  three statistically 

significant endpoints that occur in patients who experience toxicity.  These three proteins: 

CD86, part of the immune checkpoint, TLR4, an inflammatory receptor, and cell death 

protein Gasdermin were found to be expressed in patients who experienced toxicity.  

 

 

 

 

 

 

Statistically different proteins in patients who experienced toxicity 

Figure 16: Proteins that emerged as statistically different in patients that 
experienced toxicity 
Bar graphs with mean, standard error of the mean, and p value are shown for selected 
proteins that reached statistical significance.  
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To conclude, several of the data analysis tests conducted show certain proteins of 

the pyroptotic cell death mechanism pathway to be associated with amount of infiltrate, 

response to treatment, and adverse events.  
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CHAPTER FOUR: DISCUSSION 

This study examined the interconnections between inflammation, cell death 

mechanisms, and response to immune checkpoint-based treatment in lung cancer. By using 

LCM coupled with RPPA, we explored broad cell death mechanisms in human 

biospecimens and their association with different clinical-pathological variables. Given 

that T-cells are a main target of ICIs, we first explored interconnections between cell death 

mechanisms and level of immune infiltrate. As expected, the pro-inflammatory molecules 

like NF-κB and the immunogenic cell death mechanism pyroptosis, were overexpressed in 

tumors consisting of high levels of infiltrate (Figure 7). As a potential compensatory 

mechanism, these tumors presented with the overexpression of PD-L1.  

Increased levels of proteins involved in pyroptosis were also identified when high 

PD-L1 expressing tumors were compared with low expressing tumors. It is well known 

that pyroptosis has a dual role in cancer as it can limit the progression by stimulating 

cytotoxic lymphocyte responses but can also promote a microenvironment that promotes 

tumor growth and progression [12]. In our data, members of the pyroptotic pathway were 

upregulated or overexpressed in patients that responded partially to treatments with ICIs 

(Figure 15). Correlation maps in the responders showed high degree of interconnections 

between PD-L1 expression and proteins involved in the execution of pyroptosis. In 

addition, our data indicates that the establishment of a pro-TME through the upregulation 

of pyroptosis may determine lack of long-term response to ICIs in lung cancer. Thus, our 
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data provides some initial observations on the role of pyroptosis as a potential biomarker 

for predicting long-term response to ICI treatment in lung cancer.  

Lastly, our analysis allowed us to identify signaling molecules potentially 

associated with toxicity. Of interest, overexpression of CD86, a molecule that has co-

stimulatory functions when it binds to the CD28 co-receptor on T-cells, was associated 

with high levels of toxicity. The data suggests that the inhibition of PD-L1 by Nivolumab 

or Pembrolizumab in the presence of high levels of CD86 on APCs may lead to an over 

stimulation of the immune system, and consequently to high levels of toxicity.  

A few limitations of this study need to be considered. First, sample sizes varied 

greatly across the patient samples. Some of the samples contained a small needle biopsies, 

whereas other samples had where large surgical sections. This can be an issue since 

capturing malignant cells from a small amount of tissue section might not have effectively 

captured the heterogeneous composition of the tumor. Another potential limitation is the 

fact that the samples used in this study were stored for a long period of time prior to usage. 

For example, some of the patient slides used in this study were from the year 2009, while 

the newer samples were from the year 2019. This can affect protein and epitope 

preservation, as well as PTMs. Finally, our sample set was collected at the time of patient 

diagnosis, rather than before initiation of treatment with an ICI. As tumors evolve over 

time, we were not able to capture immune infiltrate and cell death mechanisms right before 

initiation, but we captured it right at the time of diagnosis. Thus, our analysis may have 

missed any potential molecular events associated with response to ICIs. While our results 

our highly encouraging, our findings need to be validated in a larger set of samples.  
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CONCLUSION 

 This study suggest that cell death mechanisms may influence expression of ICs and 

response to ICIs in lung cancer. Although our sample set was not a large one, our study did 

provide some light on the field of immuno-oncology, which continues to be a field of active 

research. Our data suggests pyroptosis as the emerged conqueror amongst the three other 

cell death mechanisms observed in this study as it plays a role on PD-L1 expression as well 

as long-term response to anti-PD-1 treatment. To conclude, this study suggest that 

pyroptosis markers identifying lung cancer patients that can benefit from ICIs.  
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